Recent anatomical studies have revealed strong cerebellar projections into parietal and prefrontal cortex. These findings suggest that the cerebellum might not only play a functional role in motor control but also cognitive domains, an idea also supported by neuropsychological testing of patients with cerebellar lesions that has revealed specific deficits. The goal of the present study was to test whether or not cognitive impairments after cerebellar damage are resulting from changes in cerebro-cortical signal processing. The detection of global visual motion embedded in noise, a faculty compromised after cerebellar lesions, was chosen as a model system. Using magnetoencephalography, cortical responses were recorded in a group of patients with cerebellar lesions (n ϭ 8) and controls (n ϭ 13) who observed visual motion of varied coherence, i.e., motion strength, presented in the peripheral visual field during controlled stationary fixation. Corroborating earlier results, the patients showed a significant impairment in global motion discrimination despite normal fixation behavior. This deficit was paralleled by qualitative differences in responses recorded from parieto-temporal cortex, including a reduced responsiveness to coherent visual motion and a striking loss of bilateral representations of motion coherence. Moreover, the perceptual thresholds correlated with the cortical representation of motion strength on single subject basis. These results demonstrate that visual motion processing in cerebral cortex critically depends on an intact cerebellum and establish a correlation between cortical activity and impaired visual perception resulting from cerebellar damage.
Introduction
Traditionally, the cerebellum has been viewed as a part of the brain exclusively supporting motor functions, with a specific role in the acquisition of motor memory (Flourens, 1824; Glickstein, 2007) . This view has recently been challenged by anatomical, clinical, and imaging studies suggesting a role of the cerebellum not only in motor but also cognitive domains (Ito, 1993 (Ito, , 2008 Schmahmann and Sherman, 1998; Ramnani, 2006; Strick et al., 2009) . First, it has become clear that the projection from the dentate nucleus, the largest of the cerebellar nuclei in man and higher primates, is not confined to motor cortex but also innervates prefrontal and posterior parietal areas of cerebral cortex (Middleton and Strick, 2000; Dum and Strick, 2003; Strick et al., 2009) , parts of the brain essential for cognitive functions. Second, neuropsychological testing of patients with cerebellar lesions has demonstrated deficits in different faculties, including visual perception (Ivry and Diener, 1991; Rizzo, 1995, 1998; Schmahmann and Sherman, 1998; Thier et al., 1999; Jokisch et al., 2005; Maschke et al., 2006) , short-term memory (Schmahmann and Sherman, 1998; Ravizza et al., 2006; Haarmeier and Thier, 2007) , or verbal fluency (Richter et al., 2007) .
The mechanisms underlying impaired cognitive functioning after cerebellar damage have not yet been unraveled. Based on the well known, quasi-crystalline organization of cerebellar cortex it is usually assumed that the basic transformation of input into output signals is the same in the different contexts (motor, vestibular, cognitive, etc.) in which the cerebellum operates in its various regions. Accordingly, the cerebellum is widely considered a neuronal machine that performs one basic and unique algorithm that is offered to different circuits. An important implication of this view is that the cerebellum provides support function for the rest of the nervous system, but does not itself directly participate in their computations (Bower, 1997) . In other words, cerebellar activity is not believed to directly encode cognitive events in an explicit manner. Rather, cognitive deficits after cerebellar lesioning are thought to reflect remote effects in cerebral cortex induced by the loss of cerebellar input.
Although cerebellar damage or inactivation induces changes in cerebro-cortical metabolism, a phenomenon referred to as (crossed) cerebello-cerebral diaschisis (Broich et al., 1987; Gó mez Beldarrain et al., 1997; Tecco et al., 1998; Gasparini et al., 1999; Gold and Lauritzen, 2002; Vokaer et al., 2002; Enager et al., 2004) , a thorough description of cerebral activity after loss of cerebellar input is missing to date. The goal of this study was to provide a detailed description of cerebro-cortical functioning after cerebellar lesions and to correlate cognitive performance with neurophysiological properties of cerebral cortex such as recorded by magnetoencephalography (MEG) . To this end we used a visual motion detection paradigm which has consistently revealed perceptual deficits in cerebellar patients (Nawrot and Rizzo, 1995; Thier et al., 1999; Jokisch et al., 2005) . As a main result, we found that the perception deficit due to lesions of the cerebellum was fully represented by specific changes in the activity of cortical areas involved in visual motion processing.
Materials and Methods
Subjects. Eight patients (4 females, mean age 38 Ϯ 8 years, range: 26 -50) and 13 age matched healthy controls (8 females, mean age 36 Ϯ 11 years, range 23-58) participated in this study. Informed consent was obtained from all subjects according to the Declaration of Helsinki and the guidelines of the local ethics committee of the medical faculty of the University of Tübingen, which approved the study. All of the subjects had normal or corrected to normal vision, controls had no history of neurological disease. The patient group included only subjects with lesions/degeneration confined to the cerebellum as revealed by clinical examination and magnetic resonance imaging. Three of the patients had suffered from an ischemic stroke in the PICA territory (two on the right side, the third on the left side and touching also parts of the SCA territory) and were tested 1 week, two weeks and one year, respectively, after the ischemic event. Two further patients had undergone removal of a cerebellar tumor. The first one was tested 2 months after surgical excision of a medulloblastoma infiltrating large parts of the left cerebellar hemisphere. A second patient participated 4 weeks after surgery of a glioblastoma which was also located in the left cerebellar hemisphere. Adjuvant therapy had not been started at the time of testing and the two patients showed no signs of increased intracranial pressure. The remaining three patients presented with isolated cerebellar atrophy the underlying cause of which could not be specified despite rigorous clinical workup including screening for genetic, metabolic or inflammatory conditions as well as malignancies. According to clinical guidelines these three patients were classified as sporadic adult-onset ataxia (SAOA) (Abele et al., 2002) . Since magnetoencephalography is extremely sensitive to muscle activity we also made sure to only include cerebellar patients who, in addition to being able to maintain stable stationary fixation, showed no signs of tremor.
Procedure and stimulus material. Subjects were seated upright in a magnetically shielded room (Vakuum-Schmelze) and were instructed to sit without moving during the MEG recording. Stable posture was supported by a chinrest attached to the MEG chair. The computer generated visual stimuli were rear projected onto a large translucent screen (DLP-projector, frame rate 60 Hz, 800 ϫ 600 pixel) positioned at a viewing distance of 92 cm in the magnetically shielded room. Viewing was binocular.
The visual stimulus consisted of 5 periods ( Fig. 1) (Händel et al., 2007 (Händel et al., , 2008 each being observed by the subjects during controlled stationary fixation. During the first 500 ms, only a stationary red dot (diameter 10 minarc) was presented in the middle of the screen which served as the fixation target and which remained visible for a total of 2 s. The first 500 ms period was followed by a second one introducing a random dot kinematogram (RDK) which covered a square of 16 ϫ 16 deg and was centered 15 deg away from the fixation point. The RDK was presented right of the fixation point in all controls and all patients except those with lesions of the left cerebellum. For the latter, the stimulus was presented in the left hemifield and the corresponding MEG responses were flipped for group analysis. The RDK consisted of 1500 white squares (side length ϭ 8 arcmin, lifetime ϭ 1000 ms, dot density ϳ6 dots/deg 2 , luminance 47cd/m 2 ) all moving incoherently, i.e., in all possible directions, at a common speed of 6deg/s. After the presentation of this first RDK that we will also refer to as the "prestimulus", a second RDK, the "test stimulus", started. The properties of this second RDK were identical to those in the prestimulus period except that it lasted only 200 ms and that a certain amount of dot elements moved coherently in the same direction (either to the left or to the right). Specifically, the percentage of coherently moving dots was either 0, 20, 40, 60, 80, or 100% of all dots in the given trial. After a subsequent second fixation period, an arrow was presented in the middle of the screen pointing either to the left or to the right side as randomly chosen by the stimulus generator. Subjects were instructed to keep fixation as accurately as possible during the whole trial and to indicate by lifting their right or left index finger whether the motion direction of the dots of the test stimulus was identical (right index finger) or opposite (left index finger) to the pointing direction of the arrow. Note that the motor response could not be planned until the arrow had been presented, thus, guaranteeing that the MEG signals during the first 700 ms after test stimulus onset were not related to movement preparation. The individual measurement consisted of 720 single trials with each coherence level (n ϭ 6) being presented 120 times in a randomized sequence. To assess the ability to discriminate the motion direction embedded in noise, the percentage of correct responses in the individual measurement was plotted as function of motion coherence and fitted by a probit function. The perceptual threshold was defined by the coherence level for which the probit function predicted 75% correct responses.
During all experiments, eye movements were monitored using a custom-made video system taking the pupil's center as measure of eye position. Recordings were stored at a sampling rate of 50 Hz and analyzed offline to assess the quality of fixation. In particular, the influence of visual motion coherence on the following oculomotor parameters was determined, i.e., slow eye drifts (eye velocity), deviations from the fixation point (eye position) and the number and amplitude of saccades. To this end, the means of the different oculomotor measures were calculated across trials for the given subject and then tested for group differences between patients and controls by means of a t test. In 2 patients who had temporarily failed to maintain fixation, all trials in which fixation deviated Ͼ2 deg in horizontal direction from the fixation spot were excluded from the MEG analysis. For these patients at least 60 trials were valid for each coherence level and the MEG-analysis was conducted using this reduced number of trials. Since the MEG responses were qualitatively the same as in the other patients, we considered this trial number sufficient and group analysis was thus conducted on all the 8 patients. For one patient, eye movement recordings were not available for off-line analysis. However, fixation was controlled online during the recording and revealed no disturbance. In contrast to the "prestimulus," a random dot kinematogram (RDK) consisting of incoherent motion, the following "test stimulus" involved the presentation of coherent motion the percentage of which was systematically varied between 0 and 100%. The coherent motion signal was directed either to the left or to the right. Subjects had to indicate whether the motion direction of the coherently moving dots of the test stimulus was identical or opposite to the pointing direction of the arrow presented at the end of the trial.
Recording and analysis of the MEG signals.
Neuromagnetic activity was recorded using a whole-head MEG system (CTF Inc., Vancouver, Canada) comprising 151 first-order magnetic axial gradiometers. The signals were sampled at a rate of 625 Hz. Recording epochs lasted from stimulus onset to arrow offset plus 500 ms, leaving 2700 ms of recording time for each trial. The subject's head position was determined at the beginning and at the end of each recording by means of localization coils fixed to the nasion and preauricular positions to ensure that head movements did not exceed channel separation.
To search for MEG activity reflecting the amount of visual motion coherence or differences between patients and controls, we analyzed the global field power (GFP). To obtain the GFP, the MEG recordings were first of all baseline corrected with respect to an interval ranging from 400 to 500 ms after stimulus onset which corresponded to the last 100 ms of the first interval of fixation preceding the presentation of the RDK. Trials contaminated by muscle activation or other artifacts defined by activity surpassing 3 times the normal MEG amplitude were excluded. The GFP was then calculated for each of the six coherence levels and each subject separately as the root of the mean squared magnetic fields (RMS) over all 151 sensors for each sample resulting in the time course of the GFP for each subject and each coherence level.
To test for a main difference in cortical responses between patients and controls independent of the coherence level, the mean MEG response averaged over all coherence levels was compared between groups. Specifically, GFP data were averaged over 500 ms for all stimulus periods except the test stimulus, which lasted only 200 ms, and a t test was applied to each of the different time periods.
In a second step, the influence of motion coherence on cortical activity was analyzed for the two groups separately, to test whether this influence is altered in cerebellar patients. Since it has been shown previously that there is a linear increase in brain activity with increasing motion coherence (Händel et al., 2007) , a (running) linear regression between the GFP values and the coherence levels was calculated for each point in time, separately for the group of patients and the group of controls. This analysis made it possible to determine how strongly the GFP depended on motion coherence and also at which point in time brain activity was influenced most strongly by motion coherence. The strength of the influence of motion coherence on cortical activity was given by the steepness of the running linear regression, expressed in ␤ values. The time point of strongest influence of motion coherence on brain activity was determined by the one linear regression which revealed the highest ␤ value.
In a further step, analysis was performed on single subject basis to correlate individual MEG responses with perceptual performance. For this, again a running linear regression was conducted between the GFP values and the 6 coherence levels, this time for time bins of 6 consecutive samples and for each individual subject, separately, using 6 ϫ 6 values for each regression. The time bin of 6 samples was shifted from 150 to 600 ms after test stimulus onset and the maximal ␤ value within this time period and the corresponding latency were extracted for each individual. Since the linear regressions were statistically highly significant in all subjects ( p Ͻ 0.001), the resulting maximal ␤ values could be used for further statistical testing. Specifically, to investigate whether the individual perceptual thresholds depended on the representation of motion coherence by the cortical responses, the individual perceptual thresholds were correlated with the maximal ␤ value and its latency, respectively, by means of a further linear regression.
Finally, to pin down the localization of the brain activity modulated by motion coherence we again conducted a running linear regression for the two groups (patients and controls respectively) but now for each sensor separately. Specifically, the absolute values of field size were averaged across all trials within a given coherence level providing the time course of activity for each sensor. Samples within a 50 ms bin were now averaged for each coherence level and a linear regression over the group data was conducted. The 50 ms time bin was shifted from 100 ms to 600 ms after test stimulus onset in steps of 50 ms. By this means, ␤ as well as p values were obtained for each sensor over time (with a resolution of 50 ms) and for each group. All analyses were calculated using MAT-LAB (version 6.5.1).
Results
Corroborating earlier reports on perceptual deficits in cerebellar patients (Ivry and Diener, 1991; Rizzo, 1995, 1998; Thier et al., 1999; Jokisch et al., 2005; Haarmeier and Thier, 2006) , the present study revealed a significant impairment of the ability to extract global visual motion information in the patient group. The perceptual threshold for motion direction discrimination was 24.5% (Ϯ14.7% SD) in the controls but approximately twice as large in the patients (48.4% Ϯ 25.6 SD). This difference was statistically significant (t test, p ϭ 0.014). Comparison of the oculomotor parameters, i.e., mean eye velocity, eye position, and number of saccades showed no significant difference between groups ( p Ͼ 0.13 for all comparisons), thus ensuring that the perceptual impairment was not the consequence of fixation disturbances, and differences in MEG would not reflect influences of altered oculomotor behavior.
To explore whether this perceptual difference was indicated by changes in cerebro-cortical activity, we first of all compared the overall brain activity as given by the GFP between groups. The time course of the GFP (averaged over all trials, sensors, coherence levels, and subjects) is depicted in Figure 2 A. A first peak at ϳ150 ms after prestimulus onset, reflecting incoherent motion onset and the inherent luminance changes, was present in both the patient and the control group. As evident from Figure 2 A, the peak amplitude of this response and also its latency was indistinguishable for the two groups compared. A second prominent increase in magnetic activity started at ϳ150 ms after test stimulus onset, i.e., after onset of the motion stimulus comprising coherent motion (Fig. 2 A, pools the different coherence levels) . This second response, albeit somewhat smaller in the patient broken lines and corresponding insets) , the responses were averaged and compared between groups. Only during arrow presentation (1700 to 2200 ms) a significant difference between groups was present (t test, p ϭ 0.0015). B, Spatial distribution of MEG activity (seen from above) averaged over the time period from 1700 to 2200 ms, i.e., the time period with significant differences between patients and controls. The upper plot was derived from the patient group, the lower one from the controls.
group, was also similar for both groups of subjects with mean responses largely overlapping until ϳ100 ms after onset of the arrow, which provided instructional information on how to report the motion direction seen. From here on, magnetic activity observed in the control group clearly surpassed the one of the patient group. For statistical analysis, the averaged responses were compared between groups for the different stimulus epochs, separately. Only for the time period between 1700 to 2200 ms, namely the period of arrow presentation, was the difference between GFP of the two groups statistically significant (t test, p ϭ 0.0015), while all other comparisons were nonsignificant ( p Ͼ 0.05). As shown in Figure 2 B, brain activity in the controls during arrow presentation was maximal in parietotemporal sensors located contralateral to the visual motion stimuli. This emphasis on parieto-temporal sensors, so prominent in the controls, was largely missing in the patient subjects.
As shown in previous MEG studies, healthy subjects show a linear increase of cortical activity with increasing motion coherence (Maruyama et al., 2002; Nakamura et al., 2003; Händel et al., 2007; Siegel et al., 2007) . This is why we in a second step searched for group differences in the dependencies of cortical responses on motion coherence. To reveal these dependencies, the GFP obtained for the different motion coherence levels was subjected to a linear regression analysis for each time sample. This analysis provided the time course of ␤ values (and corresponding p values) expressing the strength of the influence of motion coherence on cortical activity. As shown in Figure 3 , the power of the global MEG response in the control group (right upper panel) started to diverge into higher and lower values for different coherence levels shortly after test stimulus onset. Specifically, a positive correlation between GFP and motion coherence was confirmed by the positive slope (ϭ ␤ value) of the running linear regression (see right middle panel of Fig. 3) , which started to be significant around test stimulus offset (right lower panel of Fig. 3 ). While this correlation was highly robust in the controls, it was much weaker and less enduring in the patients (Fig. 3, left panels) , as indicated by a smaller peak in ␤ values and the fact that linear regressions surpassed the level of statistical significance just barely at isolated points in time. A closer look at the amplitudes of GFP observed for the different motion coherence levels (Fig. 4) revealed that cortical responses were very similar for the two groups with respect to low motion coherence but differences emerged with higher levels. In contrast to the monotonic increase in GFP as function of motion coherence present in the control subjects, GFP values saturated and in fact tended to decrease for motion coherence levels Ͼ60% in the patients. Statistical analysis showed that MEG responses collected in the 0 to 60% coherence trials showed no difference between groups, whereas 80 and 100% coherency levels elicited significantly ( p Ͻ 0.05 corrected for multiple comparisons) lower GFPs in the patients (Fig. 4) .
To correlate perceptual thresholds with the cortical representations of motion coherence in more detail, running linear regressions were also calculated on single subject basis with a time resolution of 10 ms. To this end, the maximal ␤ value between 150 and 600 ms after test stimulus onset was extracted for each subject and plotted against the individual perceptual threshold. As shown in Figure 5A , there was a significant negative correla- Global field power as function of motion coherence shown for the group of patients (gray bars, means Ϯ SEM) and controls (black bars, means Ϯ SEM). Six samples around the time point for which regression analysis had started to reveal a significant ( p Ͻ 0.05) linear correlation between GFP and motion coherence were averaged for each coherence level and for the two groups, separately (controls: 230 ms, patients: 280 ms after test stimulus onset, compare Fig. 3 ). Responses obtained for 80 and 100% motion coherence were significantly lower in the patient group as compared to controls ( p Ͻ 0.05, t test, corrected for multiple comparisons).
tion between ␤ values and motion coherence thresholds (linear regression: p ϭ 0.047, ␤ϭ Ϫ0.24). In other words, the more robust visual motion coherence was represented by the GFP, the better was the discrimination of global motion direction. A second correlation was observed between perceptual thresholds and the latency, after which the strongest coherence dependency of GFP was observed in the given subject (Fig. 5B ) (linear regression: p ϭ 0.005, ␤ ϭ 3.13). The shorter the latency, the better was global motion discrimination. While this second correlation was statistically significant also for the group of patients when analyzed separately ( p ϭ 0.033), it was not significant for the group of controls. Likewise, correlation analysis did not reach the level of statistical significance for the maximal ␤ values when calculated in the two groups of subjects, separately.
The goal of a final analysis step was to pinpoint the stage of the cortical hierarchy of visual motion processing that was functionally impaired in the patients group. For this purpose, the dependency of cortical responses on motion coherence was assessed again by running linear regressions for the two groups of subjects, but this time for each sensor separately. The result of this analysis provided a topography of the dependency of cortical activity on motion coherence (Fig. 6) , given by the ␤ values of the regression performed for time bins of 50 ms each. In both groups of subjects, ␤ values increased and became significant in parieto-temporal sensors lying contralateral to the stimulated visual hemifield after ϳ150 -200 ms following motion onset. The subsequent spread of this initial cortical activity reflecting motion coherence, however, was strikingly different for the two groups. While the first unilateral representation of visual motion coherence was followed by a robust and enduring bilateral parieto-temporal pattern of activity in the controls, activity which was significantly modulated by motion coherence in the patients remained unilateral throughout the whole period of recording and never engendered a bilateral representation.
Discussion
After a long standing debate there is now growing agreement that the cerebellum plays a functional role not only in motor but also in nonmotor processes including cognitive faculties (Ito, 1993; Schmahmann and Sherman, 1998; Ramnani, 2006; Timmann and Daum, 2007; Ito, 2008; Strick et al., 2009 ; for a more skeptic view, see Glickstein, 2007) . This emerging view suggests that functioning of parts of associative cortex critically depends on the availability of cerebellar projections. To test this idea, we assessed whether or not cognitive impairments after cerebellar damage result from detectable changes in cerebro-cortical signal processing. For this, visual motion perception, i.e., the detection of global motion embedded in noise, was chosen as a model system because it offers two main advantages. First, impairments in visual motion perception are among the most consistent observed after cerebellar lesions Rizzo, 1995, 1998; Thier et al., 1999; Jokisch et al., 2005; Haarmeier and Thier, 2006) and have been validated in an animal model using awake behaving rhesus monkeys (Ignashchenkova et al., 2009) . Second, the cortical mechanisms underlying global visual motion perception are quite well understood. Specifically, studies in monkeys (Newsome et al., 1989; Britten et al., 1992 ) have made it possible to establish a direct link between neuronal discharges in visual motion areas like area MT/V5 [middle temporal (MT)], medial superior temporal (MST), or LIP (lateral intraparietal) and motion perception. As a main functional signature, the neurons in these areas share a preference for coherent visual motion as compared to motion noise (Newsome et al., 1989; Britten et al., 1992 Britten et al., , 1996 Shadlen and Newsome, 2001; Roitman and Shadlen, 2002) , a feature also present on the population level such as assessed by functional magnetic resonance imaging (Rees et al., 2000) or MEG (Aspell et al., 2005; Händel et al., 2007) . This dependency of neuronal discharge on motion coherence has been demonstrated to account for and predict perception: the discrimination of visual motion will be better the more, the stronger, and more reliably the responses would depend on motion coherence (Britten et al., 1992) .
Against this background, we measured activity of cerebral cortex using MEG while subjects had to discriminate the global motion direction (left or right) of a random dot kinematogram whose strength was systematically varied by the percentage of coherently moving dots. Corroborating earlier results Rizzo, 1995, 1998; Thier et al., 1999; Jokisch et al., 2005) , our patient group showed higher perceptual thresholds; i.e., they needed higher coherence levels to correctly indicate global motion direction. The analysis of eye movements did not suggest that this deficit was resulting from oculomotor disturbances that have indeed been demonstrated to induce visual deficits in cerebellar patients Thier, 1999, 2006) . In fact, all the parameters analyzed here showed that fixation was not significantly different for the two groups compared. This result is in line with a recent animal study that provided eye movement control at a much higher resolution using scleral search coil techniques (Ignashchenkova et al., 2009) . Improvements in experimental control notwithstanding, two features of fixation have not been addressed so far by the studies on motion perception in cerebellar patients, i.e., the occurrence of microsaccades, recently suggested to play a role in visual perception (Bosman et al., 2009) , and fixation alignment between the two eyes, a faculty that can indeed be compromised after cerebellar lesioning (Versino et al., 1996; Straube et al., 2009) .
While the eye movement recording device used in this study did not allow us to contribute to that debate, the MEG analysis clearly demonstrated that the perceptual deficit had its reflection in altered cerebro-cortical signal processing. Specifically, the deficit was paralleled by two principal differences in cerebro-cortical processing, the first one related to the representation of motion coherence, the second one observed during the period giving instructional cues on how to indicate the motion direction perceived. In a previous study using almost identical stimulus configurations in normal subjects, we could show that neuromagnetic responses linearly increased with rising motion coherence and that the first development of this increase could be attributed to the human area MTϩ complex (Händel et al., 2007) , i.e., the complex housing the human homologues of areas MT and MST. In the healthy controls of the present study, we also found a strong coherence dependent modulation at the same latency as in our previous experiment, namely ϳ200 ms. Also, sensor localization was very comparable between studies indicating a similar origin of modulatory activity as could be shown for the previous study. A first peak in contralateral parieto-temporal cortex reflecting motion coherence was present also in the patient group; however, the following spread of activity was qualitatively different. While responses which linearly increased with motion coherence were forwarded also to the other cortical hemisphere in the controls, activation patterns remained unilateral in the patients. We suggest that the spread of activity from a purely unilateral into a bilateral representation marks the border between areas MT and MST, since only area MST, via input relayed through the corpus callosum, shows ipsilateral activation to unilateral visual input (Desimone and Ungerleider, 1986; Saito et al., 1986; Duffy and Wurtz, 1991; Britten et al., 1992; Becker et al., 2008) . Accordingly, the unilateral representation of motion coherence and the loss of a bilateral representation in the patient group would reflect spared MT, but compromised MST functioning, respectively. For this interpretation to be plausible, area MST or other visual areas located downstream from area MT, like intraparietal cortex, should receive significant cerebellar input. While this is true for parts of parietal cortex (Middleton and Strick, 2000; Dum and Strick, 2003) , cerebellar projections to areas MT and MST have not been characterized in detail. Regardless of its specific allocation, the qualitative difference in cortical responses reflecting motion coherence in the patients demonstrates a significant impairment of extrastriate cortex in visual motion processing. As shown in Figure 4 , this impairment largely affected the representation of motion stimuli with high coherence, i.e., strong global motion.
As far as we can tell, this is the first study which does not only reveal a change in cerebro-cortical activity after cerebellar damage, such as recently reported by other groups (Restuccia et al., 2001; Ziemus et al., 2007) , but demonstrates a correlation between cortical activity and impaired behavior. Two determinants of global motion perception were observed. First, there was a correlation between the extent to which cortical activity depended on motion coherence and the perceptual measure; i.e., the stronger the activity was modulated by motion coherence the better was the ability to perceive the motion direction. Second, also the latency of the maximal coherence modulation was correlated with the percept. The later the peak of modulation was reached, the poorer was the ability to detect the direction of global motion. Both correlations demonstrate that the perception of patients with cerebellar pathology was fully determined by cerebro-cortical activity, i.e., patients behaved like predicted on the basis of cortical activity alone. We therefore reject the idea that cerebellar activity might encode cognitive events in an explicit manner (Vokaer et al., 2002) but find strong support for cerebro-cortical dysfunction as the final basis for the cognitive impairment. The correlation between perception and the latencies of responses reflecting motion coherence is of particular interest because it is reminiscent of the temporal integration of sensory signals described in parietal cortex, usually taken as a reflection of processes generating decisional categories in perception (Shadlen and Newsome, 2001; Gold and Shadlen, 2007) . The high latencies observed in patients with strong perceptual deficits might, thus, indicate an impairment in the integration of sensory signals over time. In line with this interpretation, patients with cerebellar damage show stronger deficits in motion perception with shorter presentation times . Moreover, the changes in latency observed in the perceptual task used in this study are congruent with the increasing delays of movement related cortical potentials that have been reported in patients with cerebellar atrophy (Wessel et al., 1994) .
A final difference between cerebellar patients and controls not addressed so far was a significant reduction of overall activity in the patients, when perceptual sensations had to be recalled and compared to the instructional cue to prepare the movement response. Due to the posterior and clearly lateralized maximum of the cortical activity during this period, this difference could be related to short-term memory (Ziemus et al., 2007) offered by visual motion sensitive cortex (Pasternak and Greenlee, 2005) . However, activity at that time also involved motor preparation. Therefore, this finding cannot be taken as unequivocal evidence for a cerebellar involvement in working memory. In contrast, the preceding differences in cortical responses reflecting motion coherence were not contaminated by motor processes and, thus, clearly demonstrate that the functioning of parts of associative cortex critically depends on an intact cerebellum. Future studies will be needed to precisely delineate the cortical region critical for the perceptual impairment and to study the mechanisms underlying cerebellar influences on visual motion processing in cerebral cortex.
